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INTRODUCTION 


The  simplest  way  of  electromagnetically  propeLiing  a  projectile  is  by  means 
of  a  metal  Lie  armature  placed  between  two  parallel  conducting  rails.  The  borenLx 
forces  generated  by  the  interaction  of  the  magnetic  fields  and  currents  acceler¬ 
ate  the  round  and  attach  the  armature  down  the  bore  ot  the  railgun.  During  this 
process,  the  temperature  of  the  metallic  armature  is  increasing  by  ohmic  heating 
while  the  rail  armature  interface  is  also  heated  by  friction.  The  degree  of 
heating  (or  rise  in  material  temperature)  affects  the  mechanical  integrity  of  the 
armature,  especially  its  rail  interfaces.  If  an  armature  interface  fails,  anomo- 
lous  rail  wear  as  well  as  degraded  gun  performance  occurs. 

A.  properly  designed  armature  will  maintain  an  interface  voltage  below  the 
threshold  of  arcing.  Optimal  energy  transfer  to  the  launch  package  will  occur 
with  the  lowest  possible  barrel  wear.  This  report  discusses  the  effect  of  fric¬ 
tional  interfacial  heating,  wear,  and  mechanical  confinement  on  the  design  of  a 
metal  armature  for  a  large  railgun  accelerator  system. 

Before  the  installation  of  the  EMACK  launcher  at  ARDC,  railgun  experiments 
with  both  metal  and  plasma  armatures  were  conducted  at  the  Australian  National 
University  (ANU)  (ref  1)  and  at  the  Westinghouse  Research  and  Development  Center 
(refs  2  through  4).  The  design  of  the  metal  armatures  described  in  this  report 
is  based  on  the  work  performed  at  these  facilities. 

The  early  ANU  armatures  were  stacks  of  metal  chevron  leaves.  Failure  and 
detachment  of  the  rear  leaf,  observed  in  several  shots  was  explained  by  the  velo¬ 
city  and  temporal  skin  effects.  During  the  initial  switching  of  current  into  the 
gun  and  at  velocities  approaching  1  km/s,  the  skin  effect  causes  the  majority  of 
the  current  to  flow  in  the  rear  leaf  of  the  stack.  This  causes  accelerated  heat¬ 
ing  and  wearing  of  the  leaf.  After  the  leaf  loses  contact  with  the  rails,  It 
arcs  and  detachment  occurs. 

During  the  design  and  construction  of  EMACK,  the  Westinghouse  Corporation 
performed  theoretical  and  experimental  work  on  metal  armatures.  The  theoretical 
work  (ref  2)  analyzes  the  mechanical  and  electrical  behavior  of  several  simple 
designs.  Experimentation  was  performed  on  a  12.7-mm  bore  gun  powered  with  a  36- 
kJ  capacitor  bank,  a  S-pH  storage  inductor,  and  peak  currents  of  100  kA  (ref 
3).  Armature  designs  similar  to  the  ANU  types  were  tried  without  much  success. 
Then  an  armature  constructed  from  a  bundle  of  welding  cable  fibers  was  fired. 
Early  results  supported  feasibility  of  constructing  a  solid  armature  that  would 
not  cause  severe  rail  wear  or  arc  damage.  However,  this  type  of  armature  does 
not  lend  itself  to  the  simple  electromechanical  analysis  of  the  chevron  leaf  or 
staple  leaf  designs. 

In  order  to  evaluate  the  thermal  limitations  of  metal  armatures,  a  series  of 
experiments  were  conducted  with  trailing  leaf  chevron  armatures.  A  detailed 
analysis  of  the  mechanical  behavior  similar  to  that  in  the  EMACK  Phase  I  report 
was  performed  (ref  2).  The  thermal  and  electrical  limitations  were  investigated 
experimentally  using  the  ELF-I  system  (ref  3).  Results  indicated  that  the  pre¬ 
dominant  failure  mechanism  for  metal  armatures  with  a  proper  mechanical  design 
and .  with  velocities  of  about  300  m/ s  was  frictional  heating  of  the  rail-armature 
interfaces. 
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During  the  commissioning  tests  of  the  EMACK  system  at  the  Westinghouse 
Research  and  Development  Center,  a  simple  metal  fiber  brush  armature  was  de¬ 
signed,  fabricated,  and  fired  (ref  4).  It  consisted  of  two  copper  welding  cables 
mounted  by  fixtures  to  a  2-inch  plexiglass  cube  (fig.  1).  A  similar  design  with 
smaller  diameter  cable  was  then  fired  at  the  ARDC  site.  A  soft  catch  of  one  of 
these  launch  packages  was  performed  in  the  second  shot  (fig.  2).  The  armature 
from  the  recovered  remnants  shows  damage  from  severe  arcing  and  vaporization. 
The  rails  showed  evidence  of  a  copper-aluminum  deposition  along  the  first  1.5  m 
of  rail  length  (figs  3  and  4).  The  predominant  cause  of  armature  failure  was  an 
abnormally  high  degree  of  frictional  heating  of  the  armature  due  to  the  absence 
of  a  well-defined  mechanical  structure  to  restrict  the  motion  of  the  fiber  ends. 


ACTION  INTEGRAL  CONSIDERATIONS 


The  fundamental  consideration  that  has  commonly  been  used  to  predict  the 
integrity  of  a  metal  armature  is  the  action  integral.  Simply  stated,  the  action 
integral  is  the  bulk  ohmic  heating  of  a  conductor  that  relates  the  current  flow 
through  the  metal  to  a  rise  in  its  bulk  temperature.  This  quantity  has  been 
analytically  evaluated  for  an  inductively  driven  lossless  railgun.  By  using  the 
evaluated  expression  for  the  action  integral  and  the  action  constant,  a  quartic 
equation  was  derived  to  estimate  the  armature  mass.  This  equation  relates  the 
armature  mass  (M^)  to  the  penetrator  and  sabot  masses  (M^),  material  properties, 
and  gun  circuit  parameters. 

The  quartic  equation 


can  be  readily  solved  (ref  5).  A  program  was  written  in  BASIC  for  the  IBM  PC  and 
the  effect  of  penetrator  and  sabot  masses  was  evaluated. 


FRICTIONAL  EFFECTS  ON  ARMATURE  MASS 


The  mechanical  strength  of  a  material  is  related  to  its  temperature  and  to 
the  applied  stress.  Consequently,  mechanical  wear  processes  are  related  to  arma¬ 
ture  interface  temperatures,  contact  pressure,  and  sliding  velocity.  Because 
thermal  diffusion  or  conduction  processes  are  slower  than  electrical  diffusion, 
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frictional  heating  of  the  rail  armature  contact  must  be  added  to  the  ohmic  heat¬ 
ing  to  calculate  interface  temperature.  These  armatures  are  composed  of  metal 
fibers;  therefore,  electrical  skin  effects  are  neglected. 

In  the  region  of  the  railgun  near  the  armature,  it  is  assumed  that  the  cur¬ 
rent  in  the  conductors  creates  a  uniform  magnetic  field  along  the  surface  of  the 
armature.  For  the  armature  section  shown  in  figure  5,  the  contact  force  normal 
(Fn)  to  the  rail  surface  is 


(3) 


The  fiber  bundle  is  modeled  as  a  cantilevered  beam.  During  the  acceleration 
period,  the  f iber-to-f iber  frictional  force  is  assumed  to  be  substantially  less 
than  the  shear  strength  of  a  solid  conductor.  This  lets  the  fiber  bundle  rotate 
about  its  hinge  point  without  curvature. 

Electrical  skin  effects  are  not  included  in  this  analysis.  The  discharge 
current  flows  uniformly  throughout  the  volume  of  interest  [bounded  by  an  area 
parallel  to  the  rail  surface,  to  a  depth  (6)  of  0.90  mm].  The  material  of  inter¬ 
est  is  copper  with  an  action  constant  (g^  of  87.7  GJ/m  at  1085°C.  The  rail 
armature  interface  is  assumed  to  be  molten  copper  with  a  coefficient  of  sliding 
friction  ( p)  of  0.05.  The  entire  depth  of  0.90  mm  of  copper  is  assumed  to  wear 
uniformly  during  the  motion.  From  the  mass  point  of  view,  the  fiber  bundle  is 
assumed  to  be  a  block  of  solid  copper. 

A  preload  force  (F  )  of  2778  N,  which  linearly  decays  through  acceleration, 
was  calculated  on  the  basis  of  a  required  minimum  of  l  g/A  contact  force  at  the 
interface.  Friction  heat  was  calculated  on  the  basis  of  the  lossless  railgun 
equations.  This  heat,  shared  equally  by  the  rails  and  the  armature,  is  uniformly 
deposited  throughout  the  armature  volume  near  the  rail  interface. 

An  armature  and  sabot  body  were  designed  with  the  considerations  of  the 
required  preload  forces,  fiber  length  and  compliance,  shape  of  the  armature  con¬ 
ductors,  confinement  of  the  armature  structure,  and  a  sustained  molten  copper 
interface.  This  test  vehicle  (fig.  6)  was  then  fabricated  for  the  purpose  of 
testing  with  the  EMACK  system. 

The  derivation  of  the  self-consistent  quartic  equation  is  slightly  different 
from  that  of  the  previous  one  in  that  a  solution  is  found  for  the  cross-sectional 
area  of  the  armature  rather  than  for  armature  mass.  A  term  that  represents  the 
energy  loss  due  to  friction  is  added  to  the  ohmic  heating  of  the  volume.  This 
expression  is  equated  to  the  heat  content  of  the  volume.  From  this  equation  the 
quartic  equation  for  the  cross-sectional  area  (A)  of  the  armature  is  derived  to 
be 


4  3  2  2  2  2 

A  +  2a^  A  +  a^  A  -  a^  pto  A  -  a^  =  0 


(4) 
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where  the  coefficients  are 
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Another  program  was  written  to  analyze  the  effects  of  frictional  heating 
upon  the  armature  mass  by  use  of  this  quartic  equation.  This  program  uses  a  more 
general  solution  to  the  quartic  and  includes  more  data  concerning  the  metal  arma¬ 
ture,  A  sensitivity  constant  (H)  was  incorporated  into  the  frictional  terms  (eq 
5)  so  that  a  parametric  relation  between  friction,  wear,  and  armature  mass  could 
be  obtained  (fig.  7).  The  relationship  of  the  armature  mass  to  the  sensitivity 
factor  is  almost  linear  over  small  regions  (fig.  7). 

ARDC  and  the  Westinghouse  R  and  D  Center  jointly  constructed  an  armature 
test  vehicle  from  an  ARDC  design.  Minor  modification  will  allow  specialized 
projectiles  to  be  launched  for  the  investigation  of  hypervelocity  terminal  bal¬ 
listics,  The  Westinghouse  Corporation  fabricated  the  fiber  brush  armature  struc¬ 
tures,  The  sabot  body,  made  of  0-11,  did  not  break  up  during  acceleration.  An 
attempt  was  made  to  catch  the  vehicle  softly  in  cotton  rags.  Due  to  the  high 
velocity  (about  1500  m/s  as  deduced  from  the  dl/dt  measurement  at  the  storage 
inductor)  and  the  heavy  mass  (about  500  g) ,  the  package  was  destroyed  upon  impact 
with  the  rear  wall  of  the  catch  tank, 

A  slight  modification  was  made  to  the  sabot  and  a  second  shot  at  560  m/s 
(measured  from  dB/dt  probes  along  the  barrel)  was  made  with  a  launch  package  mass 
of  550  g.  Even  with  the  lower  velocity  and  fortified  soft  catch  structure  in  the 
catch  tank,  the  package  impacted  the  rear  wall  of  the  catch  tank  (fig.  8),  The 
brush  remnants ,  which  were  intact  enough  to  examine,  showed  no  evidence  of  arma¬ 
ture  arcing  (fig.  9).  In-flight  x-ray  shadowgraphs  of  the  vehicle,  which  were 
also  obtained  at  two  different  positions  in  the  range  tank,  indicate  that  the 
package  was  intact  and  the  brushes  showed  minimal  wear  (fig.  10).  A  post-shot 
examination  of  the  barrel  also  showed  that  no  arcing  occurred  during  launch  ex¬ 
cept  for  a  6-  to  7-inch  long  section  at  the  gun  muzzle. 

The  most  interesting  result  of  both  experiments  is  that  the  type  of  severe 
rail  erosion  or  wear  at  the  breech  region  that  has  been  typically  reported  in 
experiments  by  others  did  not  occur  (figs.  11  and  12).  This  means  that,  with 
proper  electromagnetic  design  of  the  fiber  brushes  and  proper  selection  of  the 
rail  material,  minimal  barrel  erosion  can  be  obtained  for  electromagnetic  gun 
applications  incorporating  metal  armature  propulsion. 
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RESULTS 


The  assumed  model  for  the  rail-armature  interface  was  useful  for  choosing 
armature  masses  that  performed  satisfactorily.  However,  the  model  does  not  yield 
insight  on  the  detailed  mechanics  and  physical  behavior  of  metal  brushes.  Other 
experiments  are  required  to  evaluate  armature  designs  that  allow  greater  brush 
wear,  or  that  employ  finer  fibers  in  the  brushes.  Such  armature  designs  may  be 
required  for  useful  sliding  contacts  at  velocities  over  1.5  km/s. 

Further  theoretical  analyses  are  required  to  support  the  EMACK  solid  arma¬ 
ture  experiments.  An  integrated  electromechanical  finite-element  analysis  of  the 
behavior  of  sliding  brushes  would  be  especially  valuable.  Another  useful  model 
should  be  developed  to  include  the  heat  transport  at  the  rail-armature  interface. 
This  analysis  would  enable  armature  designs  to  be  corrected  for  fiber  wear  and 
thermal  expansion.  With  this  type  of  modeling  and  experimental  verification,  an 
evaluation  of  the  impact  of  solid  metal  armatures  in  military  applications  can  be 
made  • 


CONCLUSIONS 


The  model  and  experiments  demonstrate  the  importance  of  including  frictional 
heating  effects  at  the  rail-armature  interface  in  the  design  of  a  railgun  system 
and  in  the  prediction  of  its  performance.  The  test  vehicles  which  were  designed 
for  the  EMACK  launcher  led  to  a  more  efficient  transfer  of  energy  to  the  launch 
package  with  minimal  rail  wear  by  designing  for  frictional  heating  and  fiber 
wear.  However,  further  experiments  and  modeling  are  required  for  a  more  detailed 
understanding. 
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Figure  1.  Original  Westinghouse  lexan  cube  projectile  for  EMACK  railgun  testbed 
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Figure  2.  EMACK  cube  projectiles:  new  (right)  and  fired  (left) 


Figure  3.  EMACK  cube  projectiles  with  respective  accelerator  rails:  new  (right) 
and  fired  (left);  projectiles  are  at  starting  positions 
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Figure  4.  Closeup  of  EMACK  accelerator  rails;  left  rail  accelerated  a  lexan  cube 
projectile  from  left  to  right,  and  right  rail  is  new 
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Figure  5.  Mechanical  model  for  the  normal  force 
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ARMATURE  MASS  IN  GRAMS 


Figure  7.  Effect  of  varying  frictional  heating  of  armature  interface  upon  its  mass 
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Figure  9.  Closeup  of  redesigned  EMACK  projectile  brush  surfaces 
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Figure  10.  Flash  x-ray  photograph  of  redesigned  EMACK  projectile  in  flight 
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Figure  11.  Comparison  of  new  EMACK  rail  (bottom)  with  that  used  to  accelerate 
redesigned  projectile  (top) 
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Figure  12.  Closeup  of  new  EMACK  rail  (bottom)  and  that  used  to  accelerate  redesigned  projectile  (top) 


APPENDIX 

DERIVATION  OF  INNER  EQUATIONS  IN  MOTION  AND  ARMATURE  MASS  EQUATIONS 
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Interior  Ballistics  of  a  Lossless  Railgun 


The  following  derivation  describes  the  fundamental  interior  equations  of 
motion  of  a  projectile  in  a  railgun.  The  launcher  circuit  is  a  lossless  inductor 
coupled  to  a  lossless  railgun  and  metal  armature. 


Interior  Force  Law 


The  accelerating  force  on  the  projectile  is  given  by 
(Ma  +  MJ  )dI 2x/dt2  =  ~  L "I2 
This  relationship  was  discovered  by  Ampere.* 

Conservation  of  Flux 


(A-l) 


Since  the  gun  circuit  is  lossless,  the  flux  linkages  are  constant  during 
the  acceleration  of  the  projectile.  The  flux  linkages  lost  by  the  storage  induc¬ 
tor  are  equal  to  the  increase  of  flux  linkages  in  the  railgun  barrel.  The  kinet¬ 
ic  energy  gained  by  the  projectile  is  equal  to  the  energy  lost  by  the  coupled 
inductive  circuit.  With  these  considerations,  the  circuit  current  as  a  function 
of  projectile  displacement, 


I  =  I  [l  /(L  +  L'  x)] 

o  L  o  v  o  J  J 


(A- 2) 


Interior  Equations  of  Motion 


Equation  A-l  with  the  aid  of  A-2  can  be  successively  integrated  to  de¬ 
termine  projectile  velocity  as  a  function  of  displacement, 


V 


L  I 
o  o 


L^x 

(M*  +  lLo  + 


1/2 


(A-3) 


*  Volume  II  of  Maxwell's  Treastise  on  Electricity  and  Magnetism. 
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and  time  as  a  function  of  projectile  displacement 


t 


1/2 


1/2 


Thermal  Equations 


Ohmic  Dissipation 


The  balance  between  the  ohmic  dissipation  and  the  Joule  heating  of  a 
metallic  conductor  with  a  uniform  current  cross  section  and  with  a  uniform  den¬ 
sity  is 


(I/A)2/a  =  pc  (A-5) 

With  a  simple  algebraic  manipulation,  this  equation  can  he  integrated  to  give 

/  I2  dt  =  gi  A2  (A-6) 


If  there  is  not  heat  loss  from  the  conductor,  the  mechanical  and  electrical  pro¬ 
perties  of  a  metal  are  uniquely  determined  by  the  action  integral  [j  I"  dt). 


Frictional  Dissipation 


The  energy  lost  to  friction  is  calculated  by 


“o  I  1  V* 


JJ 

2 


£  L  I  2  L'x 
o  o _ 

oTTTl  +"  i?x] 

v  o  } 


(A-7) 


The  model  described  in  this  report  assumes  equal  heating  of  the  rai Ls  and  arma¬ 
ture  interfaces. 
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Armature  Mass  Equations 


Frictionless  Case 


The  armature  mass  is  determined  by 


(A-8) 


for  the  frictionless  railgun.  If  the  gun  is  also  lossless,  the  action  integral 
is 


(A-9 ) 


Substitution  of  A-9  into  A-8  gives 


Case  with  Frictional  Effects 


The  energy  lost  to  friction  can  be  added  to  the  ohmic  dissipation  in  the 
armature  volume  that  will  be  worn  away  during  the  acceleration  cycle.  With  the 
assumptions  of  fixed  amount  of  wear  and  of  average  conductivity  to  weight  the 
frictional  contribution,  the  cross-sectional  area  of  the  metal  armature  is  deter¬ 
mined  by 


(A- 10) 


Substitution  of  A-9  into  A-10  and  algebraic  manipulation  give 


4  3  2  2  2  2 

A  +  2a^  A  +  a^  A  -  a^  pw  A  -  a^  =  0 
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LIST  OF  SYMBOLS 


Me 


to 


AL 


0 


P 

Lo 

L" 

C 


*1 

i 

I 

FN 

fp 

A 

<a> 

6 


y 

H 


t 

x 

T 


Armature  Mass 

Penetrator  and  sabot  mass 

Minimum  armature  mass  (M^  »  0) 

Rail  separation 
Length  of  chevron  leaf 
Cant  angle  of  chevron  leaf 
Armature  material  density 
Storage  inductance  of  gun  circuit 
Initial  current  of  gun  circuit 
Inductance  gradient  of  gun  barrel 
Specific  heat  of  armature  material 
Action  constant  of  armature  material 
Length  of  barrel 
Gun  circuit  current 

Normal  force  at  armature  rail  interface 

Armature  preload  force 

Armature  cross-sectional  area 

Average  armature  electrical  conductivity 

Depth  of  armature  wear 

Coefficient  of  sliding  friction 

Sensitivity  constant  to  examine  effect  of  friction  and  to  evaluate  as¬ 
sumptions  of  the  model 

Time 

Projectile  displacement  in  the  barrel 
Temperature 
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